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The β decay of the isomeric and ground state of 50Sc to the semi-magic nucleus 5022Ti28 has been
studied using a 50Ca beam delivered to the GRIFFIN γ-ray spectrometer at the TRIUMF-ISAC
facility. β-decay branching ratios are reported to 16 excited states with a total of 38 γ-ray transitions
linking them. These new data significantly expands the information available over previous studies.
Relative intensities are measured to less than 0.001% that of the strongest transition with the
majority of γ-ray transitions observed here in β decay for the first time. The data are compared to
shell-model calculations utilizing both phenomenologically-derived interactions employed in the pf
shell as well as a state-of-the-art, ab initio based interaction built in the valence-space in-medium
similarity renormalization group framework.
PACS numbers: 21.10.-k, 21.60.Cs, 23.20.-g, 23.20.Lv, 23.40.-s
I. INTRODUCTION
Nuclei in the vicinity of magic neutron (N) and proton
(Z) numbers, often display simple patterns of low-energy
excitations which can be well described in a spherical
shell model approach. The structure of these lowest-
lying excited states may be deduced by considering the
behavior of a single nucleon or pair of nucleons occupy-
ing just a few single-particle orbits near the Fermi sur-
face in a spherically-symmetric potential. However, this
simple picture does not describe the nature of all exci-
tations observed at low energies. Most notably, the lim-
itations in the number of basis states included in this
approach means that it usually does not capture de-
formed configurations or collective behaviors which can
coexist along side the spherical single-particle structures
and typically involve breaking the core. Particle-hole ex-
citations across major shell gaps are energetically costly,
requiring several MeV of energy. However, the additional
correlation energy, coming primarily from the neutron-
proton quadrupole-quadrupole interaction [1], which be-
comes possible with this release of particles from the core
makes such cross-shell excitations energetically competi-
tive with the lowest-lying states [1, 2].
Recently, the rapid development of new theoretical
methods and the availability of increased computational
power have extended the reach of ab initio methods to
medium-mass nuclei [3–6]. The need to include three-
nucleon forces in the interactions for an accurate descrip-
tion of excitations has become evident [7]. In order to
support the further development of these methods, de-
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tailed spectroscopic information of excited nuclear states
and transitions is necessary.
The even-even N=28 isotones above 48Ca provide a
good example, where protons fill the 0f7/2 orbital. The
seniority=2 (V=2), J=2+,4+,6+ states in 5022Ti,
52
24Cr and
54
26Fe with Ex ≈1.5-3 MeV show very little change in exci-
tation energy as additional pairs of protons are added to
the 0f7/2 orbital. In contrast the J=0
+
2 ,2
+
2 excited states
originating from neutron two-particle, two-hole (ν2p-2h)
excitations across the N=28 shell gap to the 1p3/2 or-
bital show an abrupt change beyond 50Ti. There is a
rapid lowering in excitation energy as more proton pairs
are added to increase the attractive correlation strength,
and these states begin to intrude upon the pi0f7/2 ground
state structure at ≤ 3 MeV in 52Cr and 54Fe [8]. In ad-
dition, below 48Ca, the N=28 shell gap has been shown
to vanish upon the significant removal of protons [9].
The electric quadrupole transition strength B(E2;
0+1 → 2+1 ) is frequently used to probe the evolution of col-
lectivity near closed shells, appearing enhanced at mid-
shell and at a minimum at the shell closure, for example
the B(E2) for the 2+1 → 0+1 transition measured in 52Cr is
around twice that of 50Ti [10]. In general, constraints on
the decay intensities observed between the mainly non-
yrast states and the V=2 seniority states are valuable
targets for experiments aiming to understand the mi-
croscopic behaviors in A≈50 semi-magic nuclei, partic-
ularly the B(E2; 0+2 → 2+2 ) transition strength for the
ν2p-2h configuration. A deeper insight into the interplay
between configurations will be obtained from a detailed
comparison between calculations and experimental data.
In this article we report on the most sensitive study of
the β decay of 50Sc to 50Ti performed to date, using the
GRIFFIN spectrometer at TRIUMF-ISAC [11–14]. The
analysis of the excited states in 50Sc populated from the β
decay of the 50Ca beam in this work have been previously
reported in Ref. [15]. The new data for 50Ti presented
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2here are compared to shell-model calculations utilizing
both phenomenologically-derived interactions employed
in the pf shell as well as an ab initio based interaction
built in the valence-space in-medium similarity renormal-
ization group framework.
II. EXPERIMENTAL DETAILS
The isotope 50Ca (T1/2 = 13.9(6) s [16]) was produced
from reactions induced in a 22.49 g/cm2 Ta target by
a 500 MeV proton beam delivered by the TRIUMF Cy-
clotron [17]. The position of the 60µA proton beam on
the ISOL target was continuously rastered such that a
tighter proton beam spot could be used to induce a higher
localized power density in the Ta material. The calcium
atoms created in the target that diffused out of the mate-
rial were ionized using resonant-laser ionization and ac-
celerated to 20 keV, mass separated and delivered to the
experimental station. The typical beam intensity of 50Ca
was ∼ 106 ions/s. Small amounts of surface-ionized 50K
(T1/2=472(4) ms [18]) and
150Tb (T1/2=3.5 hrs [19, 20])
were also present in the beam.
The ions were stopped in a mylar tape at the cen-
tral focus of the Gamma-Ray Infrastructure For Funda-
mental Investigations of Nuclei (GRIFFIN) spectrome-
ter [11–14]. GRIFFIN consists of an array of 16 high-
purity Germanium (HPGe) clover detectors coupled to
a series of ancillary detectors. Fifteen HPGe clovers
were used in the present work. An array of plastic
scintillator paddles (SCEPTAR) was used for the detec-
tion of β particles. Four cerium-doped lanthanum bro-
mide (LaBr3(Ce)) scintillators were installed in the ar-
ray but the data from them was not used in this work.
The GRIFFIN clovers were positioned at a source-to-
detector distance of 11 cm from the implantation point.
A 20 mm thick delrin plastic absorber shell was placed
around the vacuum chamber to prevent β particles from
reaching the HPGe detectors while minimizing the flux of
Bremsstrahlung photons created as the β particles were
brought to rest.
In order to study the longer-lived 50Sc daughter (T1/2
= 102.5(5) s) activity, the beam was continuously deliv-
ered to the experimental station with the tape stationary.
Data was collected in this way for a period of 5 hours.
As previously reported [15], a series of short cycles were
collected to clearly distinguish the activity of the 50Ca
beam. In addition, a longer tape cycle of 1 min 50Ca
implantation and 10 min decay was collected for a short
time and used in the current analysis.
Energy and timing signals were collected from each
detector using the GRIFFIN digital data acquisition sys-
tem [13], operated in a triggerless mode. HPGe energy
and efficiency were calibrated using standard radioactive
sources of 133Ba, 152Eu, 60Co and 56Co with the neces-
sary corrections for coincidence summing applied.
III. DATA ANALYSIS AND RESULTS
A. Gamma-ray energy spectra
Events observed by individual GRIFFIN clover de-
tectors were time-correlated to produce γ-ray addback
spectra and provided the principal tool for offline anal-
ysis of 50Sc decay. Time-correlated γ-ray addback hits
were used to construct γ-γ matrices in order to establish
branching ratios and coincidence relationships in 50Ti,
with the option of requiring coincidences with β electrons
detected in SCEPTAR.
An addback energy spectrum is shown in Figure 1 for
γ-ray energies below 1.6 MeV, encompassing the most in-
tense transitions observed following the decay of 50Ca
and 50Sc. The intensity of the 1554 keV 2+ → 0+ tran-
sition in 50Ti yields a total of ≈ 2.9 ×109 50Sc decays.
The fraction of contaminant nuclei in the beam was as-
sessed using γ rays emitted following β-decay and β-
delayed neutron emission of 50K and the EC decay of
150Tb, transmitted to GRIFFIN as Q = 1+ and 3+
charge states, respectively. The total contaminant ac-
tivity detected in the chamber was ≈ 1 % relative to the
1554 keV transition.
FIG. 1. γ-ray addback energy spectrum collected with GRIF-
FIN following the decay of 50Ca. Internal transitions belong-
ing to 50Sc (◦) and 50Ti (∗) are indicated. Room background
lines are also labelled, including those from the 138La natural
radioactivity present in the LaBr3(Ce) detectors.
B. Level scheme
The level scheme observed in the decay of 50Sc to 50Ti
was constructed on the basis of a γ− γ coincidence anal-
ysis. Examples of γ-ray gated addback energy spectra
are shown in Figure 2. Figure 3 shows the placement
of γ rays observed in the current work into the 50Ti
level scheme. The width of the arrows indicates the in-
3FIG. 2. γ-ray gated addback energy spectra showing coin-
cidence gates with the (a) 1130 keV transition feeding the
4310 keV 2+ state, (b) 2618 keV γ ray and the (c) 1554 keV
transition. A γ-ray singles energy spectrum comprised of the
sum of all addback hits is shown in the inset of panel (c) for
a subset of energies, where additional transitions at 4035 and
4070 keV are observed following the β and β-n decay of 50K,
respectively. Peaks labelled with an asterisk are transitions
identified in 50Ti. Summing (s.) and escape (esc.) peaks are
also indicated.
tensity relative to that of the 1554 keV transition. In
addition to the 1554 keV decay from the first excited
state, only one other transition is observed to decay di-
rectly to the ground state, de-exciting the Jpi=2+2 state
at 4310 keV (Figure 2 (a) gated on the 1130 keV feeding
transition). Otherwise all excited states eventually feed
the yrast, J+=2+,4+ and 6+ states. For this reason,
gates placed upon the γ ray of interest (i.e. gating from
above) were often the most useful concerning placement
in the level scheme. Transitions were placed according
to their observed coincidence (or non-coincidence) with
the strongest transitions in 50Ti, notably the 524, 1121
and 1554 keV γ rays, and via comparison of γ-ray ener-
gies with the energy difference ∆E between previously
known excited states. Feeding transitions were observed
in a few cases above the 3199 keV 6+ state (at 4147, 4172
and 4310 keV) helping to constrain the measurement of
direct β decay branching to these states.
The 3132 keV γ ray de-exciting the 5807 keV state to
the 2675 keV 4+ state is observed to interfere with a
different transition (the 2618 keV transition de-exciting
the yrast 3+ state at 4172 keV) through an energy-
coincidence of the associated single-escape peak at
2621 keV. This was confirmed by gating on the 2618 keV
transition (Figure 2b) where strong coincidences are
observed with both a 511 keV escape photon and the
1121 keV transition. The intensity of the 2618 keV γ ray
has been corrected for this contribution (Section III C).
There is good agreement between the current work and
that from a previous β-decay study reported by Alburger
et al. [21] as well as with Ruyl et al. [22] who utilized
thermal neutron capture on metallic titanium targets.
In the present work, the level scheme has been expanded
with a number of levels and transitions observed for the
first time in β decay. This is discussed in detail in the
following Sections.
C. Gamma-ray relative intensities
Intensities of γ rays observed following the decay of
50Sc are given in Table I. Branching ratios of γ rays
from each excited state are also provided. γ − γ co-
incidence requirements have been applied where possi-
ble in order to isolate the transitions of interest and
obtain the optimum peak-to-background ratio for ex-
tracting relative intensities. This is especially important
for weaker branches obscured by the Compton-scattered
background arising from more intense transitions (mainly
the 1121 and 1554 keV γ rays). A procedure similar to
the ‘gating from below’ method employed by Kulp et al.
[23] has been used here to obtain the normalized inten-
sity Iγ for the transitions of interest. Modifications to
the overall detection efficiency due to coincidence timing
restrictions and the angular coverage of GRIFFIN com-
pared to singles data are assumed to be ≈ 1.0 (see for
example, Ref. [24]). The gating transition was chosen to
de-excite states below that of the transition of interest
with the 524, 1121 and 1554 keV γ rays being the most
common choice due to their well-characterized branching
ratios. The transition of interest directly feeds the level
depopulated by the gating transition in all cases.
All intensities provided in Table I have been corrected
for summing effects using an empirical method described
in Ref. [14]. In cases where transition intensities are ex-
tracted from γ-ray addback hits without any coincidence
conditions applied (i.e. at 2756, 3426, 3950, 3993, 4308
and 4601 keV), summing corrections are obtained using a
γ − γ-addback coincidence matrix with the requirement
that HPGe clovers be located at 180 ◦ with respect to
each other. A normalization factor is included to recon-
cile the difference in combinatorial efficiency between the
intensity obtained in singles and the summing correction.
This may arise due to asymmetries in the detector array
where the availability of single crystals (clovers) differs
from the number of crystal (clover) pairs at 180 ◦. A
similar method is employed to extract summing correc-
tions for the remaining transitions in Table I extracted
from coincidence measurements. In the coincidence case
the summing correction factors are specific to the tran-
4FIG. 3. Level scheme of the levels observed in 50Ti following the β decay of 50Sc. Line width is proportional to the observed γ-
ray intensity. Shown in red are the unobserved intra-band transitions of a band built on the 2-particle-2-hole neutron excitation
across the N = 28 shell gap.
sition of interest as well as the choice of the gating tran-
sition. Much care must be taken when constructing the
necessary coincidence matrices used to determine these
factors in order that the same experimental conditions
are applied to them as to the experimental data.
Data in Table I are compared to previously reported
measurements where available. A total of 38 transitions
have been identified in 50Ti. The vast majority of the
γ-ray intensity (≈ 99 %) is contained in the 524, 1121
and 1554 keV transitions. The remaining ≈ 1 % includes
many weak transitions, 25 of which are observed here in
β− decay for the first time, with around half of these
transitions having not been reported in any previous ex-
periment. Relative intensities are determined to below
1× 10−3 % that of the 1554 keV transition to the ground
state, which is a factor of ≈15 lower than that of the
3826 keV transition identified by Alburger et al [21].
D. Beta-decay branching ratios
β-decay branching ratios to excited states in 50Ti were
determined based on the coincidence relationships estab-
lished in the current work and the observed intensities of
γ rays with the appropriate corrections for internal con-
version. The β-decay branching ratios from this work
are reported in Table II. Conversion coefficients were
calculated using the BrIcc-FO (frozen orbitals) formal-
ism [26] with transition multipolarities inferred from the
spin-parities of the initial and final states summarized
in Table II. While mixing ratios compiled in Ref. [25]
are used where available, the leading order multipolarity
is assumed to dominate for most mixed transitions. It
should be noted however that the corrections are small:
of the order 10−4 − 10−5 in 50Ti.
The ground state spin of 50Sc is established as Jpi = 5+
and therefore a direct β decay to the 0+ ground state of
50Ti would be a fourth forbidden transition. We therefore
make the assumption that there is negligible direct feed-
ing to the 0+ ground state, as was also done by Alburger
et al. [21].
An upper limit for the β decay branch from the 257 keV
isomeric state of 50Sc feeding the 1554 keV 2+ state in
50Ti was reported by Alburger et al. [21]. In our pre-
vious reporting from the present work, the upper limit
for this decay branch was reduced from <2.5% to <1%
[15] by observation of the number of 1554 keV γ rays col-
lected in singles relative to those in coincidence with the
5TABLE I. Energies, intensities and branching ratios of γ rays measured in the beta decay of 50Sc. Iγ is expressed relative to
the 1554 keV transition to the ground state of 50Ti. Data are compared to previous measurements where available. See text
for details.
This work Previous Works
Ei
a (keV) Jpii
b Eγ
c (keV) Ef (keV) BR Iγ BR BR Iγ
Ref.[25] Ref.[21] Ref.[21]
1553.8 2+ 1553.8(2) 0.0 100 100 100 100 100
2674.9 4+ 1121.0(2) 1553.8 100 99.814 2 100 100 99.54 90
3198.7 6+ 523.7(2) 2674.9 100 95.09 95 100 100 88.74 150
4147.2 4+ 1472.3(2) 2674.9 100.0 14 0.631 89 100 100 0.61 4
4171.9 3+ 1497.1(2) 2674.9 44.43 64 0.0392 6 48 3 <0.10
2618.0(2) 1553.8 100.0 14 0.0882 12 100 6 <0.30
4310.0 2+ 2756.0(2) 1553.8 100.0 42 0.00309 13 100 10
4307.8(11) 0.0 30.6 41 0.00095 13 19.6 21
4880.6 5+ 733.4(2) 4147.2 2.23 3 0.0271 4 2.12 20
1682.0(2) 3198.7 17.27 24 0.2099 30 8.3 24 22 2 0.28 3
2205.8(2) 2674.9 100.0 14 1.215 17 100 6 100 2 1.27 3
5186.1 4+ 1014.6(8) 4171.9 1.60 6 0.00105 4
2511.3(2) 2674.9 100.0 14 0.0656 9 100 7
3631.5(10) 1553.8 37.69 54 0.0247 4 40.4 24
5379.9 4+ 1207.7(2) 4171.9 48.89 69 0.0520 7 54.8 31 <95 <0.10
2705.1(2) 2674.9 100.0 14 0.1065 15 100 7 100 15 0.105 16
3825.1(10) 1553.8 10.91 16 0.0116 2 12.8 10 42 11 0.044 10
5440.7 4+ 1130.4(3) 4310.0 1.97 3 0.00219 4
1268.9(8) 4171.9 1.64 3 0.00183 4
2765.7(2) 2674.9 100.0 14 0.1112 16 100 100 12 0.145 18
3885.5(10) 1553.8 19.58 28 0.0218 3
5547.8 (4)+ 3993.2(11) 1553.8 100 13 0.00079 11 82 5
5806.5 4+ 1635.2(8) 4171.9 0.93 2 0.00252 5
3132.2(2) 2674.9 100.0 14 0.2706 38 100 100 6 0.251 15
4251.8(10) 1553.8 12.68 18 0.0343 5
6123.1 (4)+ 1242.4(2) 4880.6 100.0 14 0.0412 6 100 7
1975.6(2) 4147.2 28.46 41 0.0117 2 <15
2924.3(2) 3198.7 40.84 58 0.0168 2 31 7
3448.4(2) 2674.9 28.99 42 0.0120 2 20 5
6156.4 4+ 1983.4(8) 4171.9 3.77 31 0.00033 3
2008.9(2) 4147.2 100.0 14 0.0086 1
3481.4(3) 2674.9 59.67 97 0.00514 8
4600.6(12) 1553.8 10.66 87 0.00092 8 100
6236.6(4) (4,5)+ 2064.8(8) 4171.9 2.84 13 0.00061 3
3038.1(2) 3198.7 62.25 90 0.0134 2
3560.9(10) 2674.9 100.0 14 0.0216 3
6625.1(5) (4,5,6)+ 3426.6(3) 3198.7 73 11 0.00141 22
3950.1(10) 2674.9 100.0 51 0.00193 10
a Ref. [25] except for 6235 and 6625 keV states.
b Ref.[25] or current work.
c Systematic and statistical uncertainties added in quadrature.
1121 keV transition, extracted from short-decay cycles.
Direct β decay from the 2+ isomeric state in 50Sc has
been observed unequivocally in the current work through
a detailed examination of the β feeding and log(ft) val-
ues. Evidence of β feeding from the isomer is found in the
case of the 1554 keV 2+ state, the 4172 keV 3+ state and
the 4310 keV 2+ state and are detailed in Table II. The
branching ratios to these states are reported as upper
limits because of possible unobserved γ-ray transitions
feeding these levels. The β-decay branching ratio of the
257 keV isomeric state in 50Sc is found to have an upper
limit of ≤0.092% at the 95% confidence level.
E. log(ft) values
Table II lists the log(ft) values obtained using the
log(ft) calculator of Ref. [28] for the decay of the 5+
ground state and 2+ isomeric state in 50Sc. The β-
branching ratios determined in the current work are used
as inputs to the calculation in addition to excitation en-
ergies of states populated in 50Ti, the half-lives of the
6TABLE II. β-branching ratios and calculated log(ft) values observed in the β decay of 50Sc as compared to previously reported
values. Spin and parities are assigned in the current work by comparison with both existing assignments and with the typical
values for log(ft) compiled in Ref. [27]. In some cases further restrictions have been imposed upon spin and parity assignments
by considering the initial and final states in 50Ti connected by internal γ ray transitions (see text for details). The excited
states at 6237 and 6625 keV are reported here for the first time.
This work Literature [25]
Ei (keV) Iβ (%) logft J
pi
f Iβ (%) logft J
pi
f
Decay from 50Sc ground state, Jpi = 5+
1554 <0.0059 21 >14.26 2+ <1.3 >11.76 a 2+
2675 2.80 94 7.15 14 4+ 8.4 18 6.7 1 4+
3198 94.27 94 5.36 1 6+ 88.4 15 5.39 1 6+
4147 0.580 9 7.01 1 4+ 0.58 4 7.01 4 4+
4172 b <0.0686 72 >7.96 3+ <0.35 >7.2 3+
4310 <0.00199 19 >12.06 2+ 2+
4881 1.443 17 6.04 2 5+ 1.58 5 5.99 2 5+
5186 0.0908 10 6.94 2 4+ (3, 4)+
5380 0.1690 17 6.46 2 4+ 0.207 21 6.37 5 4+
5441 0.1362 16 6.48 2 4+ 0.145 18 6.45 6 4, 5+
5548 0.00201 14 8.17 4 (4)+ (4+)
5806 0.306 4 5.63 3 4+ 0.251 15 5.71 4 4+, 5+, 6+
6123 0.0812 7 5.63 4 (4)+ (4+)
6156 0.0149 2 6.29 4 4+ (2, 3, 4)+
6237 0.0354 4 5.73 4 (4, 5)+
6625 0.0033 2 5.39 10 (4, 5, 6)+
Decay from 50mSc isomeric state, Jpi = 2+
1554 ≤0.0059 21 ≥7.91 17 2+ <1.3 >7.9 a 2+
4172 b ≤0.0686 72 ≥5.62 7 3+ <0.35 >7.2 3+, (2)+
4310 ≤0.00199 19 ≥7.07 7 2+ 2+
5548 c 0.00175 13 6.08 7 (2, 3)+ (4+)
a This ∆J=3 β transition is erroneously reported as having a logft value of > 7.9 in Ref. [25]
b Doublet comprised of 4171.968(17) keV 3+ state and 4172.5(4) keV (2)+ state [25]. Only the 3+ state appears to be fed (See Sec.
IV A).
c No confirmed transition to the 3198.7 keV 6+ state (See Sec. IV D).
5+ ground state and 2+ isomeric state in 50Sc and the
β-decay Q value of 6.890(16) MeV [25]. The log(ft) val-
ues from this work are plotted in Figure 4 in comparison
to the range of typical values for β−,+ and EC decaying
nuclei compiled by Singh et al. [27].
A good agreement is found for log(ft) values obtained
in the current work compared to those included in the
2011 nuclear data evaluation by Elekes et al. [25] and
support the assigned spin and parities given in column 4
of Table II. As is evident in Figure 4, 50Sc 5+ ground state
β decay to known 4+, 5+ and 6+ levels proceeds with
an experimental weighted-mean log(ft) of ≈7, consistent
with a dominance of L=0 allowed Fermi and Gamow-
Teller β transitions. The 50mSc 2+ isomeric state β de-
cay to known 2+ and 3+ levels also have log(ft) values
consistent with allowed ∆J = 0, 1 transitions.
1. Previously known excited states
A number of γ rays are observed in the current work
to de-excite levels previously identified by Alburger et
al. [21] (and references therein) but were not originally
placed in the 50Ti level scheme determined from 50Sc β−
decay. This includes excited states in Table II with ener-
gies 4881, 5441 and 5806 keV where at least one transition
was previously assigned depopulating each level.
For example, a transition observed in the current work
with energy 733 keV is assigned de-exciting the 4881 keV
state while the 1130, 1269 and 3885 keV transitions are
assigned to the 5441 keV level. In addition the 1635
and 4252 keV transitions are assigned de-exciting the
5806 keV state. In each of these cases the additional de-
cay intensity introduced in the current work does not
dramatically alter the previously established log(ft) val-
ues.
In cases where no additional transitions are placed de-
exciting a level (for example the 4+ states at 4147 and
5380 keV) our log(ft) values are similar to those of Ref.
[25] which incorporates the work of Alburger et al. [21].
The relative intensities of γ rays de-exciting the 5380 keV
state show good agreement with that of Ref. [25] al-
though a significantly larger intensity for the 3825 keV
transition (around 40 % of the 2705 keV transition) was
7reported in Ref. [21]. Consequently a weaker β branch of
0.17 % is determined in the current work for the 5380 keV
state.
The β branch to the 2675 keV 4+1 state is reduced com-
pared to the value reported in Ref. [21] from around 8 %
to 3%. This is due to the higher relative intensity of the
524 keV transition observed in the current work.
Additional information regarding the spin and parity
assignments of some previously observed excited states
may be obtained through the placement of internal γ ray
transitions in 50Ti. For example the 5441 and 5806 keV
states have been assigned Jpi=4+ in Table II as each state
depopulates via transitions that feed the 1554 keV 2+1
state.
FIG. 4. Histograms summarizing log(ft) values for 50Sc β
decay determined from experimental branching ratios. The
hatched histogram indicates β transitions from the 5+ ground
state whereas the open-area histogram corresponds to tran-
sitions from both the ground state and the 257 keV 2+ iso-
meric state. The open-area histogram corresponds to ∆J=0,1
transitions except where shaded blue (∆J=2) or red (∆J=3)
and has been scaled by 0.85 for clarity. Lower-limits associ-
ated with individual bins are indicated by arrows. Data are
compared to typical log(ft) values compiled in Ref. [27] for
different ∆J (∆pi=no). See text for details.
IV. DISCUSSION
In this work many excited states are observed, several
of which have been observed in β decay for the first time.
These states require additional comment.
A. The 4172 keV doublet
It should be noted that the 4171.9 keV 3+ state is
an energy doublet appearing in close proximity to a
4172.5 keV state with a tentative spin-parity assignment
of (2)+ [25], the latter decaying to the 1554 keV 2+1 via a
2618 kev γ ray. The 3+ state also decays to the 1554 keV
2+1 state via a 2618 kev γ ray and is assigned an addi-
tional 1497 keV decay pathway to the 2675 keV 4+1 state.
Both the 1497 and 2618 keV transitions are observed
here with intensities that are in good agreement with
neutron-capture measurements [22]. Both the measure-
ment of γ-ray energies 2618.0(2), 1497.1(2) keV and in-
tensities are consistent with dominant β-feeding to the
4171.968(17) keV 3+ state.
The 1208 keV transition was originally reported feed-
ing a state in 50Ti with excitation energy 4171.8 keV
and a spin-parity of 3+ or 4+ (Ref. [21] and references
therein). The same transition is reported here in addi-
tion to 5 weak feeding transitions observed at 1015, 1269,
1635, 1983 and 2065 keV, decaying from states with Ex
≥ 5186 keV. These are placed in the 50Ti level scheme
for the first time (Figure 3), feeding the 4171.9 keV 3+
state and are observed in coincidence with the 1497 and
2618 keV transitions. The newly-placed transitions to-
gether with the known 1208 keV transition accounts for
∼46% of the observed total intensity of the γ rays de-
populating the 3+ state.
The resulting direct β-feeding of the 4171.9 keV 3+
level is found to be ∼0.07%. This result precludes direct
feeding from the 50Sc 5+ ground state, where the cor-
responding log(ft) (≈8) does not agree with the value
expected for a J=2 transition (≈12) [27]. It is unlikely
that there is an overestimation of the β branch intensity
due to contributions from unobserved feeding. In such
a scenario more than 200 additional feeding transitions
(assuming an upper limit for the detection of very weak
transitions in the current work of Iγ ≤ 0.0003% such as
for the 1983 keV γ ray in Table I) would be required to
bring the experimental log(ft) value into line with the
typical range Ref. [27]. It is therefore much more likely
that the 4171.9 keV 3+ level is fed by the 257 keV 2+
isomeric state in 50Sc (T1/2 = 0.35(4) s).
A series of time-gated γ-ray addback energy spec-
tra were produced using the decay portion of the long
tape cycle. Each spectrum contained data integrated
over 5 s with cuts placed from ≈ 0-300 s after the ces-
sation of 50Ca implantation upon the tape. The in-
tensity of the 2618 keV peak was obtained as a func-
tion of time and compared to that of the neighboring
2675 keV γ-ray energy sum peak (incorporating both the
1554 and 1121 keV transitions). The decay curve gated
on the 2675 keV transition is consistent with the decay
of the 50Sc ground state. The decay curve gated on
the 2618 keV transition, however, shows a significant de-
crease in intensity after around 100 s: around a factor
of 2 lower compared to that of the 2675 keV transition.
Note that the contaminant 3132 keV single-escape peak
at 2618 keV was subtracted from the data.
In summary, evidence was obtained in the current work
for the direct feeding of the 4171.9 keV 3+ level by the
257 keV isomeric state in 50Sc.
8B. The 4310 keV state
The excited state at 4310 keV was known previously,
for example it is reported as a 4322(20) keV state in the
49Ti(d,p) stripping reaction [29]. It was assigned a spin
of J=2 based on the L=1 transfer strength observed fol-
lowing analysis of the differential cross section. The ob-
servation of γ rays from this state feeding the 0+ and 2+1
states in a 49Ti(n,γ) study [25] also dissuades assignment
of a large spin for this state.
The 2756 and 4308 keV γ rays are observed here in β
decay below a relative intensity of 0.01% with respect to
the 2+1 → 0+1 transition. The observed branching ratio of
the weaker 4308 keV transition is 30.6(41), slightly above
the value reported in Ref. [25] of 19.6(21). In the present
study we have constrained the β branching ratio to this
state from observation of a feeding transition with energy
1130 keV. A γ-ray coincidence addback energy spectrum
gated on this feeding transition is shown in Figure 2.
An estimate of the branching ratio for the unobserved
2+3 → 0+2 440 keV E2 transition is reported here via
consideration of the 2314 keV transition (not observed
in the present work) which is placed de-exciting the 0+2
state [22]. We assume that the intensity of the 2314 keV
transition is directly analogous to the 440 since (i) no
additional transitions are placed feeding the 0+2 state,
(ii) the 0+2 → 2+1 decay has a branching ratio equal to
unity and (iii) direct β feeding to the 0+2 state is un-
likely. Analysis of the unobserved 2314 keV transition
focused on the spectrum shown in Figure 2 (a) gated
on the 1130 keV transition and centered on energies near
2314 and 2756 keV. The background level observed near
2314 keV yields an upper limit of ≈ 25 counts while
around 450 counts are recorded in the same spectrum for
the 2756 keV peak. This corresponds to an intensity of
≤5% for the 2314 keV transition relative to the 2756 keV
peak or equivalently for the 440 keV transition, a ≤4% γ-
ray branch from the 4310 keV state. The upper limit on
the 440 keV γ-ray branch from the 4310 keV state could
potentially be improved in future experiments via the
use of bremsstrahlung- and Compton-suppressed clovers
in GRIFFIN in addition to a higher time-integrated 50Ca
beam intensity.
The difference in the observed intensity between the
feeding and depopulating transitions yields a β branch
for this state of 0.002%. This corresponds to a log(ft)
value around 12 for the 5+ → 2+ β transition from the
50Sc ground state: well below the expected hindrance of
this unique second-forbidden ∆J=3 transition [27]. It is
likely therefore that the obtained β branch incorporates
the 2+ → 2+ β transition from the 257 keV 50Sc isomer
(yielding a log(ft) of around 7). For this reason an upper
limit is adopted for the β branch given in Table II. Note
that this value includes the intensity limit established for
the unobserved 440 keV γ ray.
C. The 5186 keV state
The 5186 keV state was identified via the observation of
γ rays of 1015 keV, 2511 keV and 3631 keV, which repre-
sent transitions to the 3+ member of the 4172 keV dou-
blet, 4+1 2675 keV state and 2
+
1 1554 keV state respec-
tively. The relative branching ratios were determined
using coincidence gates applied to the 1121 and 1554 keV
transitions and are in good agreement with previous
49Ti(n,γ) measurements [25]. This state was previously
assigned a tentative spin of J=(3) or (4) based on the re-
sults of γ-ray angular distributions following the capture
of polarized thermal neutrons on a polarized 49Ti target
[22]. A positive parity was inferred from L=1 transfer ob-
served with 49Ti(d,p) [29]. In the absence of any observed
feeding transitions, a log(ft) of 6.94(2) was obtained for
this state from a β-branching ratio of ≈ 0.1 %, confirming
the 4+ spin-parity assignment adopted in Table II.
D. The 5548 keV state
The 5548 keV state was observed to decay by a sin-
gle γ ray of 3993 keV with an intensity of <0.001%. It
appears in coincidence with the 1554 keV transition to
the 50Ti ground state. A γ-ray coincidence spectrum
gated on the 1554 keV transition is shown in Figure 2,
panel (c). The same spectrum without any coincidence
requirements is shown inset. While no γ rays are ob-
served to feed this state, two additional de-excitation
branches were reported in Ref.[22] with energies of 2348.4
and 2872.8 keV. The 2348.4 keV γ ray was a tentative as-
signment but the 2872.8 keV γ ray was reported with
an appreciable intensity relative to the 3993 keV branch.
A possible explanation for their non-observation in the
present work is that they are obscured by the Compton
edges of more intense transitions, namely the 2675 keV
4+1 → 2+1 → 0+1 sum peak and the 3132 keV transition
from the 5806 keV state. The background level near the
3993 keV transition is an order of magnitude lower de-
spite a similar contribution from the Compton edge of
the 4252 keV transition. In addition, a coincidence gate
placed on the 1554 keV γ ray does not exclude any of the
most intense transitions or their associated backgrounds
from incomplete energy collection.
The unobserved γ rays affect the determination of the
β branching ratio to the 5548 keV state. Thus we have
corrected the total decay intensity using the literature
branching ratios in combination with the observed inten-
sity in this study. This correction yields a β branching
ratio which is around a factor of two higher than the
value obtained when no correction is applied. The cal-
culated log(ft) value decreases from ≈8.57(6) to 8.17(4)
but is still at the upper limit of the tail of the ∆J=±1
range of typical values found in Ref.[27] Since the ten-
tative 2348 keV transition to the 6+ state at 3199 keV
is not confirmed in the present work it is possible that
the 5548 keV level has a spin of (2, 3)+ and is popu-
9lated by the 50mSc decay. Considering only the 3993
and the (unobserved) 2872.8 keV transition intensities, a
β-feeding intensity of 0.00175 is obtained corresponding
to a log(ft)=6.08 (See Tab. II).
E. The 6123 keV state
Branching ratios of γ rays de-exciting the 6123 keV
state with 1242, 1976, 2924 and 3448 keV feeding the
5+ (4881 keV), 4+ (4147 keV), 6+ (3199 keV) and 4+
(2675 keV) states were established from γ−γ coincidence
gates placed at 1121 keV to isolate the 2924 and 3448 keV
transitions, 1472 keV for the 1976 keV transition, and at
2206 keV in order to obtain a value for the 1242 keV tran-
sition.
The data presented in Table I are in reasonable agree-
ment with results from neutron-capture measurements,
where the 6123 keV state was assigned Jpi=4+ [22], al-
though the branching ratio of the 1976 keV γ ray is higher
than the reported lower limit of < 15% of the 1242 keV
transition. We note that the uncertainties provided in
the literature are in general quite large for the weaker
branches from the 6123 keV state.
No evidence of the reported 1636 keV transition is ob-
served here, despite a significant intensity of 85 % rel-
ative to the 1242 keV γ ray reported in Ref. [22]. It
is possible that the 1636 keV γ ray is obscured by the
Compton scattered 6+1 → 4+1 → 2+1 sum peak observed
here at 1644 keV. However, the 1242 keV γ ray is ob-
served despite a 10-fold increase in background (dom-
inated by backscattered 1554 keV γ rays) and only a
modest increase in efficiency (≈13%). A search for ad-
ditional gating transitions that might be used to isolate
the unobserved 1636 keV γ ray (for example, the 2933 and
4487 keV γ rays which de-excite the 4487 keV 2+ state)
was not successful. We also note that the 1636 keV γ
ray is not listed as unambiguously assigned in Table 3 of
Ref.[22] and therefore no further corrections to the total
decay intensity from the 6123 keV state have been ap-
plied. No γ-ray transitions feeding this state were iden-
tified. The assigned spin and parity of J+=(4+) is fully
consistent with the extracted log(ft) value in Table II of
5.63(4). However since it was not possible to confirm
the 1636 keV transition to the 4987 keV, 2+ level in the
present work then this spin and parity assignment re-
mains tentative.
F. The 6156 keV state
Four γ rays of 1983, 2009 keV, 3481 keV and 4601 keV
are found to decay from the 6156 keV state and pop-
ulate the 3+ (4172 keV), 4+2 (4147 keV), 4
+
1 (2675 keV)
and 2+1 (1554 keV) states, respectively. No feeding γ-ray
transitions were observed for this state. The 4601 keV γ
ray was previously the only transition identified as de-
exciting this state [22], although here it is in fact the
weakest branch at around 10% of the intensity of the
2009 keV transition. All three transitions are observed
here following β decay for the first time. A tentative
range of spins Jpi=(2, 3, 4) and positive parity were orig-
inally assigned to the 6156.0 keV state in Ref.[22]. With
the total decay intensity of the 3 de-exciting transitions
taken into account, a β-branching ratio of ≈ 0.01% is
obtained yielding a log(ft) of 6.29(4), in agreement for
∆J=0,±1 transitions. A Jpi=4+ assignment is therefore
confirmed. It is noted that if the 4601 keV γ ray was
indeed the only transition observed in the present exper-
iment, then the transition rate would decrease by more
than an order of magnitude (log(ft) ≈ 7.5) but would re-
main in the tail of the typical ∆J=0,±1 values of Ref.
[27].
G. The 6237 keV state
The 6237.0 keV state was identified from the observa-
tion of γ rays of 2065 keV feeding the 3+ member of the
4172 keV doublet, 3038.0 keV feeding the 6+1 (3199 keV)
state and 3561.0 keV populating the 4+1 (2675.0 keV)
state. It is one of only two states observed in the
present study that has not been reported elsewhere.
The 3561 keV γ ray is observed in coincidence with the
1121 keV and 1554 keV transitions to the 2+1 (1554 keV)
state and the ground state, respectively, whereas the
3038 keV γ ray is observed in coincidence with both of
these transitions plus the 524 keV γ decay from the 6+1
(3199 keV) state. No γ-ray transitions were observed
to feed this state. A log(ft) value of 5.73(4) is calcu-
lated for this state as shown in Table II. A constraint is
placed on the spin and parity of this state of Jpi=(4−5)+
based on the log(ft) value and the observation of the de-
populating 2065 keV transition feeding the 3+ member of
the 4172 keV doublet.
H. The 6625 keV state
The 6625.0 keV state has not been observed in any pre-
vious work and was identified here via the observation of
γ rays at 3427 keV decaying to the 6+1 (3199 keV) state
and 3950 keV to the 4+1 (2675 keV) state. The 3950 keV
γ ray is observed in coincidence with the 1121 keV and
1554 keV transitions to the 2+1 and 0
+
1 states, respec-
tively, while for the 3427 keV γ ray an additional strong
coincidence is found with the 524 keV transition to the 4+1
state. No feeding transitions were observed, although the
excitation energy lies close to the β-decay Q value (simi-
larly for the 6237 keV state). A log(ft) value of 5.39(10) is
calculated and from this an assignment of a positive par-
ity with a spin value in the range J=(4− 6) is provided
in Table II.
Several excited states in 50Ti with Ex ≈6.3-6.8 MeV
are proposed in Ref. [22] with (tentatively) assigned spin
and parities which would mean they are accessible via
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allowed Gamow-Teller β transitions. A search was per-
formed of the data for the associated decay γ rays includ-
ing examining γ-γ-γ triple coincidences between the 524,
1121 or 1554 keV transitions to reduce the background
contribution from Compton scattered sum peaks which
may obscure very weak transitions. No additional γ rays
were identified. The 6625.0 keV state represents the high-
est observed excitation energy populated in the β− decay
of the 50Sc.
I. Shell model calculations
The stable 50Ti nucleus sits just above doubly-magic
48Ca with a closed-shell of 28 neutrons and 2 valence
protons outside the magic proton shell closure of 20. It
is expected that the spherical shell model will reproduce
the excitations in 50Ti with good accuracy. Shell model
calculations using both phenomenological and ab initio
based interactions have been performed for comparison
with the experimental data.
Shell model calculations were performed with the
NuShellX@MSU shell-model code [30] using the phe-
nomenological KB3G [10] and GXPF1A [31] interac-
tions in the pf valence space (0f7/2, 1p3/2, 0f5/2, 1p1/2),
known to well reproduce experimental data in this region.
In addition, we derive ab initio shell-model Hamiltoni-
ans within the valence-space in-medium similarity renor-
malization group (VS-IMSRG) framework [32–36], based
on two-nucleon (NN) and three-nucleon (3N) forces de-
rived from chiral effective field theory [3, 4]. The de-
tails of the particular input NN+3N interaction used here
(EM1.8 2.0), and developed in Refs. [37–39], as well as
the specifics of the Hamiltonian are described in Ref. [15].
Starting in a single-particle spherical harmonic oscil-
lator (HO) basis with energy ~ω = 16 MeV, we first
transform the input Hamiltonian to the Hartree-Fock
(HF) basis, then use the Magnus formulation of the VS-
IMSRG [40, 41], with the ensemble normal ordering pro-
cedure [35], which captures the bulk effects of residual
3N forces among valence nucleons, to produce an approx-
imate unitary transformation which decouples the 40Ca
core. A second transformation is performed to decouple
a specific pf -shell valence-space Hamiltonian appropriate
for 50Ti. These results are well converged within the basis
size e = 2n+l ≤ emax = 12 and e1+e2+e3 ≤ E3max = 16.
We finally use the approximate unitary transformation to
decouple an effective valence-space E2 or M1 operator
consistent with the valence-space Hamiltonian [42].
Three distinct sets of states emerge from the calcu-
lations. Firstly the ground-state band where a pair
of protons occupy primarily the pi0f7/2 orbital (J
pi =
0+, 2+, 4+, 6+) and the neutron orbitals are filled up to
the N = 28 shell gap, secondly a neutron 1-particle-1-
hole (ν0f−17/2−1p13/2) configuration (Jpi = 2+, 3+, 4+, 5+)
and finally a neutron 2-particle-2-hole (ν0f−27/2 − 1p23/2)
configuration (Jpi = 0+, 2+). In both of these cross-shell
TABLE III. Transition strength, B(E2), values are given in
e2fm4 and quadrupole moments, Q, are given in e2fm2.
Exp. KB3G GXPF1A VS-IM-SRG
B(E2 : 21 − 01) 58(2) 99.9 100.4 38.2
B(E2 : 41 − 21) 60(13) 98.2 98.0 36.1
B(E2 : 61 − 41) 34(1) 46.7 47.0 16.9
B(E2 : 22p2h − 02p2h) - 10.1 39.5 26.7
Q(21) 8(16) 6.77 6.53 4.69
Q(22) - -19.61 -12.77 -11.36
Q(23) - 13.51 13.30 9.76
excitations the particles occupy primarily the 1p3/2 or-
bital above N = 28. A detailed comparison of every
experimentally observed excited state is difficult due to
the level density and in some cases the lack of firm spin
assignments. Instead we concentrate here on an exami-
nation of these three low-lying structures.
Select properties from the three calculations are shown
in Figure 5 and are given in Table III in comparison to
the experimental data. While the first excited 2+ en-
ergy predicted in the VS-IM-SRG is several hundred keV
higher than experiment, possibly arising from a too-large
shell gap, the spacing between higher-lying states agrees
well with experiment.
The degree of collectivity as evidenced in the magni-
tude of the B(E2) values is also underpredicted by the
VS-IM-SRG. This is expected because of the limitations
placed on the model space used for the transformation.
Despite this, the spectroscopic information such as the
pattern of B(E2) values and quadrupole moments (Q)
are well reproduced, as was first noted in Ref. [43].
All three calculations predict a positive quadrupole
moment in the ground state and 2p − 2h bands while
the 1p− 1h configuration is predicted to be negative, all
with similar magnitudes. It is interesting that the B(E2)
values predicted for the ground-state band are consistent
between the interactions but that the predictions for the
2p− 2h band are quite different, ranging from 10 to 70%
that of the 2+1 → 0+1 transition. This distinction might
be used in the future to distinguish between the calcula-
tions once an experimental value for the strength of this
transition becomes available.
V. CONCLUSION
The GRIFFIN γ-ray spectrometer at the TRIUMF-
ISAC facility has been used to study the β decay of
50Sc to 50Ti using a radioactive beam of 50Ca. β-decay
branching ratios from both the ground state and isomeric
state of 50Sc to 16 excited states in 50Ti are determined
from a total of 38 γ-ray transitions which significantly
expands the information available over previous studies.
Relative intensities are measured to less than 0.001% that
of the strongest transition with the majority of γ-ray
transitions observed here in β decay for the first time.
The data are compared to shell-model calculations uti-
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FIG. 5. Selected experimentally observed levels in 50Ti are compared to the results of three different theory calculations. Excited
states belonging to the ground state band (full-width levels), 2p2h (quarter-width, left) and 1p1h particle-hole excitations
(quarter-width, right) are included. B(E2) transition strengths are provided in units of e2fm4 and are proportional to the
widths of the arrows.
lizing both phenomenologically-derived interactions em-
ployed in the pf shell as well as a state-of-the-art, ab initio
based interaction built in the valence-space in-medium
similarity renormalization group framework. The differ-
ences in predictions for cross-shell excitations across the
N = 28 neutron shell closure are discussed.
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